Background Many studies have reported the factors influencing the progression of collapse and development of osteoarthritis after a transtrochanteric rotational osteotomy. It is not well understood how the healing process of the osteonecrotic area occurs after this procedure. Questions/purposes We evaluated (1) the osteonecrotic area after a successful transtrochanteric rotational osteotomy radiographically; and (2) determined whether specific perioperative clinical and radiographic factors related to the difference(s) in the healing process after a transtrochanteric rotational osteotomy. Methods We retrospectively reviewed 64 patients (70 hips) among 402 patients (507 hips) who had a transtrochanteric rotational osteotomy between 1981 and 1996 and showed no evidence of progression of collapse or joint space narrowing at 10 years after the osteotomy. Fortyeight hips (45 patients) were males and 22 (19 patients) were females, with a mean age of 37 years (range, 12-57 years) at the time of surgery. An anterior rotational osteotomy was performed for 57 hips and a posterior rotational osteotomy was performed for 13 hips. We recorded various perioperative factors potentially influencing repair and assessed the radiographs at last followup for various features indicating repair. Results Ten years after the transtrochanteric rotational osteotomy, the osteonecrotic area in 50 hips (71%) had osteosclerotic changes radiographically (Group I), while 20 hips (29%) had normal bony architecture without sclerotic changes (Group II). We observed no difference between Groups I and II with regard to the age, gender, use of corticosteroids, etiology, and radiographic stage. Conclusions Although the reason for this difference in the healing patterns remains unknown, this study indicates the majority of the hips showed osteosclerosis after a transtrochanteric rotational osteotomy, while approximately 30% of the hips showed a normal bony architecture. Level of Evidence Level IV, therapeutic study. See the Guidelines for Authors for a complete description of levels of evidence.
Introduction
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T. Yamamoto (&) , S. Ikemura, Y. Iwamoto, Y. Sugioka Department of Orthopaedic Surgery, Kyushu University, 3-1-1 Maidashi, Higashi-ku, Fukuoka 812-8582, Japan e-mail: yamataku@ortho.med.kyushu-u.ac.jp the nonweightbearing middle part of the femoral head [15] . A large necrotic lesion, comprising more than 30% of the femoral head extending laterally, often collapses, subsequently resulting in the development of osteoarthritis [10, 15] .
The transtrochanteric rotational osteotomy (TRO) was developed by Sugioka in 1978 [18] . This procedure involves transposing an intact area to a weightbearing portion of the joint, thus resulting in transfer of the necrotic area to a nonweightbearing portion. The clinical and radiographic prognoses after a TRO chiefly depend on the transposed intact area/acetabular weightbearing portion ratio after an osteotomy. The transposed intact area should be more than 36% of the weightbearing region [20] . A recent report suggested a minimum postoperative intact ratio of 34% is required to prevent progressive radiographic collapse over a 10-year period [12] . One long-term (mean, 14.2 years) followup of 136 patients after TRO noted 98 of 136 patients (72%) had more than 13 points based on the Merle d'Aubigné score, but progression of collapse had been prevented in 108 of the 136 cases (79%) at 10 years [7] . Sugioka et al. [20] reported two hips with ON treated by a TRO were completely replaced by living bone at the time of the salvage operation. Histologic analyses of nine femoral heads at a mean of 2.5 years after TRO revealed the necrotic area was replaced by vascularrich fibrous tissue, and new bone covered the dead trabeculae in seven of the nine femoral heads [27] . These reports suggest the necrotic area removed from the weightbearing portion by a TRO can be repaired and remodeled.
The repair process of ON is impeded by collapse [1, 24] . In addition, osteoarthritic changes can affect the healing process of the necrotic area [1, 2] . However, it is not well understood how the healing process of ON occurs in the absence of collapse or osteoarthritic changes.
We therefore (1) evaluated the osteonecrotic area after a successful TRO radiographically; and (2) determined whether specific factors (age, gender, BMI, side of operation, direction of rotation, etiology, and Harris hip score), stage, location of the ON, preoperative demarcating sclerosis, and immediate postoperative intact area ratio related to the difference in the healing process after a TRO.
Patients and Methods
A TRO was performed on 402 patients (507 hips) for ON between 1981 and 1996. Of these we followed 152 patients (173 hips) for more than 10 years after a TRO, in which 64 patients (70 hips) had radiographs that showed neither evidence of a progression of collapse nor joint space narrowing at 10 years after a TRO. These 64 patients form the basis of this study. Forty-five patients (48 hips) were males and 19 patients (22 hips) were females. The average age at the time of surgery was 37 years (range, 12-57 years). Based on the Association Research Circulation Osseous (ARCO) staging system [13] , 27 hips were classified as Stage IIIA, 39 were Stage IIIB, and four were classified as Stage IV. Forty of the hips were considered corticosteroidinduced, 23 alcohol-related, three posttraumatic, one dysbaric, one slipped capital femoral epiphysis, and two idiopathic. The location of the ON was classified based on the Japanese Orthopaedic Association classification system using both radiographs and MRI [17] , in which 16 hips were classified as Type C1 and 54 hips Type C2. Type C2 indicates a wider necrotic area that exceeds the lateral edge of the acetabulum.
All surgery was performed by one surgeon (YS). An anterior rotational osteotomy (ARO) was performed for 57 hips, and a posterior rotational osteotomy for 13 hips. The basic surgical procedure has remained unchanged since it was first described [18] [19] [20] . Briefly, this procedure involves three osteotomies: an osteotomy of the greater trochanter; an intertrochanteric osteotomy that passes from the superolateral to the inferomedial on the AP view; and an osteotomy that passes from the proximal flare of the lesser trochanter inferolaterally toward the inferomedial extent of the primary osteotomy. It is crucial to preserve the medial femoral circumflex artery located in the adipose tissue just inferior to the quadratus femoris during these osteotomies. With regard to the fixation, two or three large screws have been used.
Postoperatively, the patients started active ROM exercises 5 days after the operation, when wheelchair movement was also allowed. After 5 weeks 1 .
3 partial weightbearing (PWB) walking was allowed, after 6 weeks 1 . 2 PWB walking, and after 7 weeks 2 .
3 PWB walking (crutch walking). Full weightbearing walking was permitted after 6 months.
The patients were seen at 5 weeks, 3 months, 6 months, and yearly thereafter. Followup radiographic (AP and accurate lateral view [18, 20, 21] ) and a Harris hip score [HHS] [4] were obtained for all 70 cases at every visit. A bone scintigram was routinely performed 5 weeks postoperatively to confirm the blood supply to the rotated femoral head.
Two of us (TY, SI) determined the presence of demarcating sclerosis ( Fig. 1 ), which is observed as the outer margin of the infarcted area on radiographs. Just prior to surgery we classified into three grades of increasing severity: none: À (Fig. 1A) , present: + (Fig. 1B) , prominent: ++ (Fig. 1C ). We measured the postoperative intact area ratio using the method described by Miyanishi et al. [12] (Fig. 2) . The postoperative intact area ratio in our series was around 50% in both groups, since we excluded the hips that underwent progression of a collapse. Interobserver variability of determining the preoperative demarcating sclerosis and the postoperative repair process was calculated with the use of the kappa statistic. Values ranged from 0.868 to 0.966 ( Table 1) .
The 70 hips were divided into two groups based on the findings of the radiographs 10 years after the operation; Group I: those with sclerotic changes, Group II: those with normal bony architecture without sclerotic changes. The age, BMI, HHS, and postoperative intact area ratio were compared between Groups I and II using the unpaired t test. Fisher's exact probability test was used with regard to gender, side of operation, direction of rotation (anterior or posterior), stage, type, presence of demarcating sclerosis, and etiology of the ON. Statistical analyses were performed using SPSS 1 software (SPSS Japan, Tokyo, Japan).
Results
The osteonecrotic area in 50 hips (71%) radiographically showed osteosclerotic changes (Group I) 10 years after the TRO (Fig. 3) , while 20 hips (29%) showed a normal bony architecture without sclerotic changes (Group II) ( Fig. 4) .
We found no differences in the clinical and radiographical factors between the two groups ( Table 2 ). The average age in Group I was 36.8 years, while it was 37.4 years in Group II. With regard to clinical background, including age, BMI, gender, side of operation, direction of rotation (anterior or posterior), etiology, and HHS, there were no differences between the two groups. There were also no differences between the two groups with regard to radiographic findings, including stage, type, presence of demarcating sclerosis, and postoperative intact area ratio. With regard to the postoperative HHS, Group I had a range from 59 to 100 points (mean, 82.7 points), while Group II had a range from 60 to 100 points (mean, 86.7 points).
Discussion
We have observed some patients who undergo a jointpreserving operation show normal bony architecture of the necrotic area, while others show osteosclerotic changes. Although many radiographic studies have reported the factors influencing the progression of collapse and joint space narrowing after a TRO [6, 7, 12] , it is not well understood how the healing process of the osteonecrotic area occurs in the absence of collapse or osteoarthritic changes. In addition, there have been few reports about the healing process of the osteonecrotic lesion. Therefore, we (1) evaluated the osteonecrotic area after a successful TRO radiographically and (2) determined whether clinical backgrounds (age, gender, BMI, side of operation, direction of rotation, etiology, and HHS), stage, type, preoperative demarcating sclerosis, and postoperative intact area ratio related to the difference in the healing process after a TRO. This study has several major limitations. First, the mechanisms for the two distinct repair patterns of ON after a TRO could not be clarified and we did not assess the variability of speed of the healing process in different individuals. This study was performed at only one timepoint, which was 10 years after the TRO, and other features of repair might have been present in the sequential periods. Second, we included patients with ON of various etiologies, a wide age range, and different stages of ON. Case-control studies, such as those using patients with matched etiologies of ON, might clarify any differences in the healing process of the necrotic lesion. Third, the repair processes were based on only plain radiographs. CT clearly reveals sclerotic regions of the femoral head [23] . In addition, there has been a case report of the complete disappearance of the low signal intensity area on MRI after a transtrochanteric curved varus osteotomy [5] . Further investigation using plain radiograph, CT, and MRI might clarify the frequency of the various features and speed of repair.
The majority of our hips had an osteosclerotic healing pattern after the TRO. ON is often observed in the diaphysis, which shows osteosclerosis (bone infarction). In such a case, necrotic bone trabeculae are covered by the new bone formation (appositional bone formation), which results in the thickening of the bone trabeculae [1, 2, 25] . In addition, calcification is generally observed in the necrotic adipose tissue. This phenomenon results in the osteosclerotic appearance on radiographs. On the other hand, around 30% of the hips had normal bony architecture without osteosclerotic changes in the femoral head after the TRO. This difference could be caused by the timing of the examination, but all patients were observed 10 years after the TRO, in this study.
The precise mechanism of this difference in the healing pattern is unknown, but the following factors might be important. The first is the speed of the healing of the osteonecrotic lesion. Sugioka et al. [20] reported two hips with ON treated by a TRO were completely replaced by living bone at the time of the salvage operation (8 years and 6.5 years after the TRO, respectively). In addition, a histologic study indicated the necrotic area was replaced by vascular-rich fibrous tissue with the dead trabeculae covered by the new bone formation (appositional bone formation) at a mean of 2.5 years after TRO [27] . On the other hand, a histologic analysis of an ON patient who developed osteoarthritis 19 years after a TRO indicated the original necrotic area contained entirely viable bone trabeculae and mature fatty marrow tissue, with no current evidence of ON [26] . Although the timing of the examination was different, the histologic appearances may have some relationship with our results. The second is the duration of steroid use before and after the operation. A recent study reported a quantitative evaluation on the changes of necrotic lesion size using three-dimensional MRI and image registration [22] . Regression of the lesion was observed in early cases detected within 1 year of initial steroid treatment. No changes in lesion size were observed in cases detected more than 1 year after initial steroid treatment or related to alcohol abuse. Finally, the effect of mechanical stress after the TRO should also be considered, since a TRO changes the original bone trabeculae pattern by the rotation [18, 21] .
The osteonecrotic area in 50 hips (71%) radiographically showed osteosclerotic changes 10 years after the TRO, while 20 hips (29%) showed normal bony architecture without sclerotic changes. Although the mechanisms underlying the differences in the healing process could not be clarified, it would be useful to elucidate the healing pattern after a TRO to understand the pathophysiology of ON repair. 
